. This report presents a failure criterion that has been developed for use in evaluating fuel containers at the Idaho Nuclear Technology and Engineering Center (INTEC) for accidental drop events. The criterion would typically be used in dynamic finite element analyses using the ABAQUSLExplicit program. The failure criterion used in the past is generally considered to substantially underestimate the strength and ductility of the materials involved. The new criterion is intended to be more realistic, allowing for more accurate impact analyses. The criterion is based on the distortion energy theory, which is considered to be appropriate for the ductile materials typically used in fuel containers.
Also addressed in development of the criterion were the effects of strain rate and hydrostatic stress. The importance of these factors, however, is highly dependent on the material used.
Three materials specifically addressed in this study were stainless steel, a l e t u n , and lead.
The criterion is presented in the form of guidelines and recommendations that are based on material data obtained from the literature. The most significant difference between these and the previous criterion is that ductile materials are allowed to strain to much higher levels before they are considered to fail.
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SUMMARY
This report presents a failure criterion that have been developed for use in evaluating fuel containers at the Idaho Nuclear Technology and Engineering Center (INTEC) for accidental drop events. The criterion would typically be used in dynamic finite element analyses using the M AQUSExplicit program. The failure criterion used in the past does not account for a large portion of the strength and ductility of material that is available in most situations. The new criterion is intended to be more realistic, allowing for more accurate impact analyses. *
The general approach to modeling a failure criterion in the ABAQUSExplicit program is to specify an equivalent plastic strain at which the material will fracture. The criterion currently used in evaluating container drops specify a strain limit based on ultimate elongation for the material. A concern is that this neglects much of the available strength and ductility of material for many applications.
Establishing a failure criterion relies on selecting a failure theory as a basis. The theory selected herein is the distortion energy theory, which is considered to be representative for the ductile materials typically used in fuel containers. This theory can be applied in an approximate manner by specifying a limit on equivalent plastic strain for a material. This is consistent with the general approach provided in the ABAQUSExplicit program. Alternatively, the theory could be applied more precisely by specifying a limit on distortion energy density. This may be feasible using a subroutine in ABAQUSExplicit, but has not been demonstrated herein.
The new failure criterion recommended herein differs significantly from the current criterion in basing material failure on ultimate true strain rather than ultimate elongation. For ductile materials, this makes a substantial difference in energy absorbed before the material fails. This difference means that the new criterion takes much greater credit for available ductility of the material than does the current criterion.
Also addressed in development of this criterion were the effects of strain rate and hydrostatic stress. The importance of these factors, however, is highly dependent on the material used.
Three materials specifically addressed in this study were stainless steel, aluminum, and lead.
The strain rates and hydrostatic stresses experienced in accidental drops should have only a moderate effect on failure of the stainless steel and aluminum used in fuel containers, but a more significant effect on failure of lead. This is because lead is generally a thicker confined material when used in these containers.
The new criterion is presented in the form of guidelines and recommendations that are based on material data obtained from the literature. This criterion is applied in the same manner as the current criterion. The material property data have been adjusted to more realistically represent material behavior. The criterion should be generally applicable for modeling ductile materials in impact events, but may not represent the best approach in all situations. The analyst must consider any phenomena that may impair ductile behavior of the material in a particular situation, and model the behavior accordingly.
INTRODUCTION
Numerous dynamic finite element analyses have been performed to evaluate fuel containers at the Idaho Nuclear Technology and Engineering Center (INTEC) for accidental drop events. In most of these drop events, at least some of the material in the container undergoes plastic deformation. In many cases the deformation reaches a point where material actually fails. While failure of material is not necessarily catastrophic, it generally affects the behavior of the container through the remainder of the drop event. Therefore, the more realistically the failure of material is modeled, the more accurate is the analysis of the container in the drop event. The difficulty comes in establishing a realistic failure criterion for the materials involved in these drop events, which will include a suitable safety factor where necessary.
A general approach to modeling failure of material in the ABAQUSExplicit computer program is to specify a maximum equivalent plastic strain at which the material will fracture. Once this strain level is reached within a finite element during the analysis, that element is eliminated from the model. The user must define an "offset" plastic strain (a strain level in the solution where the material begins to fail), and a failure strain (which is the highest strain attainable in the material during the solution). The stress decreases linearly between these two strain values to a value of zero at the failure strain, which allows for stable failure of material in the ABAQUS solution.
A failure criterion that has typically been used in evaluating accidental drops of fuel containers at INTEC is outlined in Ref. 1. The criterion is based on material properties obtained from uniaxial tension tests and reads as follows:
The calculated equivalent strain is limited to 2/3 of the ininimum specified (ASTM) ultimate elongation for the material. This is a general criterion that can be used to evaluate a variety of containers fabricated from ductile material. It has commonly been applied in ABAQUS solutions by setting the failure strain equal to the minimum specified ultimate elongation for the material and setting the "offset" strain equal to 2/3 of this value. A concern is that the use of this criterion may, in many applications, neglect much of the available ductility in the material. The purpose of the investigation performed herein is to establish a criterion that is more realistic. It is intended that the criterion be simple enough to apply that it can be used by an analyst who is not necessarily an expert in material failure theories.
PURPOSE
The purpose for establishing a new failure criterion is to allow for more realistic simulations of accidental drops of fuel containers. A criterion that does not recognize the full strength or ductility of the material results in analyses that predict a greater level of damage to material in the vicinity of the impact than would actually occur. Use of such a criterion will, however, predict a softer than realistic landing, thereby delivering a lower than realistic impact force to the re-mainder of the container (such as the contents). This means that the analysis could predict a lesser level of damage to other portions of the container than would actually occur, depending on how they are analyzed.
The criterion presented herein is intended to allow for realistic simulations by basing the criterion on more accurate estimates of the strength and ductility of the material than have been used in the past. A concern is that use of the previous criterion results in predicting too much damage to material in many drop events. The intent of the new criterion is to still underestimate the strength and ductility of the material, but to a much lesser degree. With this criterion, failure of material should be predicted to occur earlier than would actually happen during an event.
ASSUMPTIONS
The criterion presented is based on the assumption of ductile failure in a material. It is intended specifically to be used in the analysis of accidental drops of a container, and is not necessarily applicable to other failure scenarios. It may not apply, for example, when notches or defects are present or when a state of significant triaxial tensile stress exists.
Additionally, the criterion may not be accurate once a tension crack develops and grows to such size that the failure mode transitions from ductile to brittle fracture.
Failure criteria are given herein specifically for 304 (and 304L) stainless steel, 6061 T6 and annealed aluminum, and common lead. The approach presented herein can be used for other ductile materials as well. For materials such as carbon steel, though, the weld metal may not be as ductile as the base material, in which case the failure criterion in the welded portions of the container would have to be adjusted to reflect this loss of ductility.
FAILURE CRITERION
Establishing a failure criterion relies on selecting a failure theory as a basis. The failure theory selected herein must be appropriate for the ductile materials typically used in the fuel containers used at INTEC. The theory must account for differing multiaxial stress states, though the preponderance of available material property data have been obtained from uniaxial tension tests. Since it is not feasible to test all materials for all possible states of stress, failure theories are typically gauged to data obtained from uniaxial stress tests. Ref. 2 presents six such failure theories, and notes that the 'distortion energy theory' has proven to be the best among these for predicting failure in ductile materials in multiaxial stress states. This theory is therefore adopted here as a basis for establishing a failure criterion.
The distortion energy theory is stated as follows:
Failure is expected to occur in the multiaxial state of stress when the distortion energy per unit volume reaches or exceeds the distortion energy per unit volume at the time of failure in a simple uniaxial stress test using a specimen of the same material. Based on the distortion energy theory, then, failure in a multiaxial stress state is expected to occur when Thefon the right-hand side (RHS) denotes that the integral is taken to failure in the uniaxial stress test. To obtain exact values for these integrals, one has to integrate over the entire history of loading. This can be done in a finite element dynamic analysis to obtain the left-hand side of the equation. The RHS can be obtained by integrating the true stress-strain curve obtained from uniaxial test data. Using this energy density relationship is the truest way of applying the distortion energy theory. It may be possible to do this using the ABAQUSExplicit program, details of which are described later.
As an alternative, a reasonable approximation can be attained by assuming that the individual stress components increase (or decrease) at the same rate as the loading is applied. The criterion above then becomes 
As this demonstrates, the elongation is typically considerably less than the ultimate true strain for ductile materials. Thus, the current failure criterion neglects considerable ductility of the material. The failure criterion recommended herein w i l l be based on true strain rather than elongation. 
OTHER CONSIDERATIONS
..
Before directly applying the failure criterion determined above, other factors must be considered which could affect the stress-strain behavior of the materials under impact conditions. The most significant of these are the strain rate and the presence of hydrostatic stresses. The importance of these factors, however, is highly dependent on the materials in question. Three materials addressed herein that are commonly used in fuel containers at N I E C are stainless steel, aluminum, and lead.
Relative to Type 304 stainless steel, Fig. 2 (obtained from Ref. 5) shows the effect of strain rate on the ultimate stress, yield stress, reduction-in-area (RA), and total elongation. The maximum strain rates in a drop event will often exceed the maximum rate of 100 in/in/sec shown in these curves. The figure is, however, useful in showing trends for these material properties. While the initial (0.2% offset) yield stress increases significantly with strain rate, the ultimate stress is relatively unaffected. The ductility, as measured by FL4 and elongation, decreases with strain rate. The increase in yield stress and the decrease in RA have offsetting effects relative to the total area beneath the stress-strain curve. Based on these data, the initial yield stress for 304 stainless steel could be increased to 50 ksi for impact analyses, while the ultimate stress is left at its minimum specified value of 75 hi (which must be converted to a true stress). The ultimate true strain will be based on the minimum RA of Fig. 2 @.e. 60%) as follows:
Type 304L stainless steel is a form of 304, having a lower carbon content. It has a slightly lower strength than 304 but can be expected to have essentially the same ductility. Based on the lower strength, the initial yield stress should be set to 40 hi, while the ultimate stress is set at its minimum specified value of 70 h i . The ultimate true strain should be set equal to that of 304 stainless, i.e. 0.9 idin.
For 6061 T6 aluminum, Fig. 3 (obtained from Ref. 5) shows the effect of strain rate on the compression stress-strain behavior for rates up to 2700 in/in/sec. At normal temperatures, the strain rate does not have a significant effect on the behavior shown. Therefore, static stress values should be adequately representative of 6061 T6 aluminum under impact conditions. Fig. 3 is a reasonable value to use for dynamic flow stress when estimating lead deformation, and that 10,000 lb-in/in3 is reasonable when estimating maximum deceleration loading. Modeling lead to have these dynamic flow pressures can be accomplished in a number of ways. It is recommended herein that the ultimate strain be based on the stress-strain curve for lead shown in Fig. ' 5 (obtained from Ref. 8 ). This shows the ultimate strain under static conditions to be on the order of 0.8 din. This will not be decreased for strain rate effects because of compensating effects of hydrostatic stress (discussed below). It is reasonable to straddle the 0.8 strain value by setting the offset strain to 0.6 idin and the failure strain to 0.9 idin using the ABAQUWExplicit failure criterion. A second assumption is that the lead has a constant engineering yield stress. The yield stress at a strain of 0.6 idin will be converted to its true stress. For a dynamic flow stress of 5000 lb-in/in3, then,'the initial yield stress will be set at 4500 psi and the true stress at the offset strain of 0.6 idin will be set at 8100 psi. Stresses should be linearized between these values. With the failure strain set at 0.9 din, the total area under the stress-strain curve equals 5000 lb/in2, as it should. For a flow stress of 10000 lb-in/in3, the initial yield stress and the stress at the offset strain of 0.6 d i n should simply be doubled to 9000 psi and 16,200 psi, respectively. The initial yield stress should, in both cases, be preceded by a region of elasticity. 
Hydrostatic Stresses
The ductility of a material can be affected significantly by the presence of hydrostatic stress.
A ductile material will typically fail with an increased ductility if the hydrostatic stress is compressive, or fail with decreased ductility if the hydrostatic stress is tensile (Ref. 9) . Per the von Mises yield criterion, hydrostatic stress does not contribute to the initial yielding of material.
It does, however, affect fixture of the material. Ref. 10 explores the effects of hydrostatic stress by subjecting test specimens to large pressure loading (ranging up to several hundred thousand psi) in addition to normal test loading. The pressure represents a compressive hydrostatic stress. Most of the tests were performed on steels, with results showing that the pressure loads typically had a dramatic effect on the true strain at which the material fractured. Test results for four different steels are presented in Fig. 6 . Steel 18 is a stainless steel having a material composition very nearly that of 304 stainless steel. It is evident that its ductility is not as sensitive to hydrostatic stress as it is for the other steels. The 304 stainless steel used in fuel containers at INTEC is typically in the form of shells or end plates, i.e., components that are generally too thin to develop significant hydrostatic stresses. For these reasons, the effect of hydrostatic stress can typically be ignored when modeling 304 stainless steel in accidental drop events. It would normally be conservative to do so, unless the material were in a state of significant triaxial tension.
It is very difficult to find data showing the effects of hydrostatic stress on any particular alloy of aluminum. Ref. 10 indicates that the effects in general are probably similar to those on steel. The use of aluminum in fuel containers at N E C is again typically in components that are too thin to develop significant hydrostatic stresses. It is therefore recommended that the effect of hydrostatic stress be ignored when modeling aluminum alloys in accidental drop events.
It is also difficult to find data that specifically shows the effects of hydrostatic stress on the ductility of lead. The lead shielding used in fuel containers or casks at INTEC is generally thick confined material, meaning that the effects of hydrostatic stress are likely to be significant. Since the lead should generally experience compressive hydrostatic stress during an impact event, its ductility can normally be expected to increase. The effects of both strain rate and hydrostatic stress on the behavior of lead are accounted for by following the modeling recommendations given above. This is because the values used for dynamic flow stress for the material (as obtained from Ref. 7) are based on test results that should include both effects. The modeling recommendations are reiterated in the section below.
Pressure of pulling,psi Figure 6 . The strain at fracture versus pressure for various steels.
GUIDELINES AND RECOMMENDATIONS
Failure Criterion Based on Ultimate Strain
The above considerations indicate that the failure criterion currently used for ductile materials in evaluating accidental drops of fuel containers at INTEC significantly underestimates the material ductility. The primary reason for this is that the criterion is based on ultimate elongation for the material rather than true ultimate strain. Other factors potentially having an effect are strain rate and hydrostatic stress. Guidelines for treating failure of three specific materials used in fuel containers at IN'IEC are summarized below:
Stainless Steel (ASTM)
For Type 304 stainless steel, the failure criterion of ABAQUSEixplicit ("FAILURE) can be used. It is recommended that the equivalent plastic strain at failure be set to 0.9 in/in. To provide a safety margin in predicting fracture of material, the offset plastic strain at the start of failure should be set to about 2/3 of 0.9 idin (-0.6 idin) . If a safety margin is not needed, then the offset strain could be set to a higher value than 0.6 in/in. (It is noted that instability in the ABAQUS solution may occur if the offset strain is set too close to the failure strain.) The initial yield stress for 304 stainless steel could be increased to 50 ksi for impact analyses, while the ultimate stress should be left at its minimum specified value of 75 ksi. The ultimate engineering stress is reached in a uniaxial tension test when the test specimen begins to neck down. Therefore, this ultimate stress can be converted to a true stress using a strain value representative of the initiation of necking.
A stress-strain curve for 304 stainless steel that meets these criteria is shown in Fig. 7 . In the curve, the yield stress for the material is set at 50 ksi. The modulus of elasticity is set at 28x106 psi, which gives a strain at yield of 0.00178 in/in (point 1 on the curve). The engineering ultimate stress is set at the ASTM specified minimum value of 75 h i . Data in Ref. 8 indicates that the material necks down at an engineering strain of about 0.7 d i n (which converts to a true strain of 0.53 idin). At this strain level, the ultimate stress of 75 hi converts to a true stress of 127.5 ksi (point 2). The true stress-true strain curve shown in Fig. 8 (Ref. 5 ) shows that true stress can actually be expected to reach values well above 127.5 ksi at room temperature. To provide a safety margin in the failure criterion, though, the offset plastic strain is set equal to the true strain at point 2 (0.53 idin). The true stress ramps downward from point 2 to a value of zero at a true strain of 0.9 (point 3).
In Fig. 7 , the stress-strain curve is ramped downward from point 2 to point 3 to provide a safety margin in determining when failure occurs in the material. The actual stress-strain curve continues on a path indicated by the dashed line to a point 4. (This dashed line is not intended to give precise values). The region 2-3-4 in the figure, therefore, represents energy absorption capacity (ductility) that is available in the material but neglected in this failure criterion. 
304L Stainless Steel (ASTM)
The same properties as used for 304 stainless steel can also be used for 304L stainless steel, except tha't the yield strength and ultimate strength are reduced to 40 ksi and 70 hi, respectively.
T6 Aluminum (ASTM)
For 6061 T6 aluminum, the failure criterion of ABAQUS/Explicit can be used. It is recommended that the equivalent plastic strain at failure be set to 0.3 idin. To provide a safety margin in predicting initial fracture, the offset plastic strain at the start of failure should be set to about 2/3 of 0.3 idin (-0.2 in/in). If a safety margin is not needed, then the offset strain could be set to a higher value. It is recommended that static values be used for yield and ultimate stress. No further adjustments should normally be required to account for the effects of strain rate or hydrostatic stress.
Annealed 6061 Aluminum
For annealed 6061 aluminum, it is similarly recommended that the equivalent plastic strain at failure be set to 0.3 idin, with an offset strain of 0.2 in/in, unless higher values can be justified. It is recommended that values for stress on its static stress-strain curve be amplified by 1.2 for impact conditions.
Lead
It is recommended herein that lead be modeled to give a dynamic flow pressure of 5000 lb-in/in3 when deformations are of concern or 10,000 lb-in/in3 when deceleration loading is of concern.
This can be accomplished by setting the offset strain to 0.6 idin and the failure strain to 0.9 inlin using the ABAQUS/Explicit failure criterion. For the case of a 5000 lb-idin3 flow pressure, the initial yield stress can be set at 4500 psi and the true stress corresponding to the offset strain of 0.6 in/in can be set at 8100 psi. Stresses should be linearized between these values. For the case of a 10,000 lb--Win3 flow pressure, the i n i t i a l yield stress and the true stress at the offset strain of 0.6 should be doubled to 9000 psi and 16,200 psi, respectively. The initial yield stress should, in both cases, be preceded by a region of elasticity.
Failure Criterion Based on Energy Density
As stated earlier, a truer way of applying the distortion energy theory to failure of material in an impact event would be to measure failure in terms of energy density rather than ultimate strain. This may be possible with the ABAQUSExplicit program by utilizing the vuMp;r user subroutine. In that subroutine, the energy dissipated by plasticity per unit volume (i.e., PEER) would be identified as a state variable. This variable would then be used in the subroutine to control element deletion in the mesh. An element would be deleted when its energy density ex-ceeds the area under the true stress-true strain curve obtained from uniaxial tests. The fact that the stress in an element has not dropped to zero when deleted from the model, though, could cause convergence problems in the solution. The subroutine would be used only to determine material failure; i.e. it would not be used to alter the constitutive model. This process of using VUMAT to implement a failure criterion based on energy density has not been demonstrated in this study. Therefore, it is not known how much this would affect the outcome of a drop event analysis versus using ultimate strain as the basis for failure.
CONCLUSION
A failure criterion has been established and presented herein to allow for more realistic simulations of accidental drops of fuel containers than did previous criteria. The basic approach is to more fully recognize the strength and ductility of the material in an impact event. The new criterion was developed such that analyses using the criterion are expected to predict failure in material earlier than it would actually OCCLU during an impact. The guidelines and recommendations presented (based on the new failure criterion) should be generally applicable for modeling ductile materials in impact events. They may not, however, represent the best approach in all situations. The analyst must consider any phenomena that may impair ductile material behavior in a particular situation, and model the behavior accordingly.
